Human cytomegalovirus phosphoprotein pp65 is targeted to the cell nucleus immediately after infection. Deletion and point mutation analysis of the pp65 gene expressed in insect cells showed that two hydrophilic regions (HP1 and HP2) within the pp65 C-terminal 40% each harboured an independent nuclear localization signal (NLS); strong association to the nuclear stroma also requires the N-terminal domain. Either region, when fused to ehloramphenicol acetyltransferase, localized the reporter protein to the nucleus in insect cells as well as in NIH 3T3 cells and human lung fibroblasts. In addition, HP1 was found to be the target of pp65 Ser/Thr phosphorylation in insect cells and a prokaryotically expressed HP1 was actively phosphorylated in vitro by casein kinase II, for which two site clusters map in HP1. These findings indicate that pp65 includes two NLSs, one of which has the potential to be modulated by phosphorylation.
Human cytomegalovirus phosphoprotein pp65 is targeted to the cell nucleus immediately after infection. Deletion and point mutation analysis of the pp65 gene expressed in insect cells showed that two hydrophilic regions (HP1 and HP2) within the pp65 C-terminal 40% each harboured an independent nuclear localization signal (NLS); strong association to the nuclear stroma also requires the N-terminal domain. Either region, when fused to ehloramphenicol acetyltransferase, localized the reporter protein to the nucleus in insect cells as well as in NIH 3T3 cells and human lung fibroblasts. In addition, HP1 was found to be the target of pp65 Ser/Thr phosphorylation in insect cells and a prokaryotically expressed HP1 was actively phosphorylated in vitro by casein kinase II, for which two site clusters map in HP1. These findings indicate that pp65 includes two NLSs, one of which has the potential to be modulated by phosphorylation.
Human cytomegalovirus (HCMV) lower matrix protein pp65 (ppUL83), a major target for host anti-HCMV response, is the product of a late-expressed virus mRNA (reviewed in Spaete et al., 1994) . pp65 replenishes a type of HCMV non-infectious particle, the dense bodies, which are secreted by infected cells along with virions (Spaete et al., 1994) . A recent study demonstrated that a HCMV mutant carrying a disabled pp65 gene grows normally in culture, while production of dense bodies is abrogated. Thus, as previously suggested by electron microscopy analysis (Landini et al., 1987) , pp65 is not a major constituent of the virion matrix and its function remains unknown. When infectable ceils are exposed to HCMV virions and dense bodies, pp65 is quickly dispatched to the nucleus (Britt & Vugler, 1987; Weiner et al., 1985) . Also, pp65 can be detected in leukocyte nuclei in viraemic patients (Grefte et al., 1992 (Grefte et al., , 1994 Revello et al., 1992) , possibly as input protein in the absence ofpp65 mRNA synthesis (Grefte et al., 1994) . These observations support a role for pp65 in the nucleus early in infection. Since the molecular mass of pp65 exceeds the limit (around * Author for correspondence. Fax + 39 382 422286. e-mail gallina@ipvgbe.igbe.pv.cnr.it 40 kDa) for passive diffusion into the nucleus (Dingwall & Laskey, 1991) , the protein must exploit targeting signals.
Here, a study aimed at characterizing pp65 nuclear targeting and phosphorylation is reported. A deletion analysis of pp65 expressed in insect cells, a eukaryotic host whose protein sorting reflects that of mammalian cells, was first carried out. The hydropathy profile of pp65 ( Fig. 1 a) roughly divides the protein into four blocks. A prevailingly hydrophobic region (A domain), covering the N-terminal 60 %, is followed by a hydrophilic region (HP1), a hydrophobic stretch (C) and a short C-terminal hydrophilic region (HP2). Sequence inspection reveals three bipartite basic motifs with the potential to be part of nuclear localization signals (NLSs; Dingwall & Laskey, 1991) , located in A, HP1 and HP2, respectively (Fig. 1 a) .
The pp65 gene (HCMV strain AD169; Jahn et al., 1987) or deleted derivatives of it were cloned into a transfer vector and the resulting constructs were used to generate recombinant baculoviruses (Fig. 1 b) . In preliminary experiments, Spodoptera frugiperda Sf9 cells were infected (m.o.i. approximately 5) with the recombinant viruses and analysed in Western blots (WB) 48 h post-infection, using MAb 4C1, elicited against natural pp65 (Revello et al., 1992) . The full-length pp65 (r65) and the deletion variants lacking HP2 (mutant 65A) or C (Pande et al., 1990) are shown. (b) Deletion/point mutants of pp65 expressed with the baculovirus-insect cell system. The pp65 gene fragments coding for the indicated amino acids were cloned into the transfer cassette of pVL 1393 (Invitrogen) and subsequently recombined into linearized AcMNPV DNA (A ORF 1621 ; BaculoGold; Pharmingen) by cotransfection into Sf9 cells. In constructs r65-Ala and 65A6-Ala, the indicated Arg/Lys ---, Ala mutations were created by PCR-directed mutagenesis of the pp65 insert. In 65AEtag, an E-tag was fused 3' to pp65 codon 362, precisely at the boundary between theoretical regions A and HP1. The appended tag in the protein (AAGAPVPYPDPLEPRAA) is recognized by MAb anti-Etag (Pharmacia). (c) CAT fusion proteins synthesized in either insect or mammalian cells. The indicated pp65 codons were fused 5' to, and in-phase with, the CAT gene. Control construct CAT-SVNLS carried codons for SV40 NLS (PTKKKRKV) fused at the 3' end of the CAT gene; construct CAT was CAT alone. CAT derivatives were inserted into either pVL1393 for recombination into and HP2 (mutant 65A6) were efficiently recognized by 4C1 (see Fig. 2c ), while the shortest variant corresponding to the A domain (65AHind) was not (data not shown). To circumvent this lack of reactivity, a short epitope tag (E-tag) was fused to the C terminus of A. Expressed by a recombinant baculovirus, the chimeric variant (65AEtag) was correctly recognized in WB by a commercial anti-E-tag MAb (see Fig. 2b ; all WB data cited hereafter are summarized in Fig. 1 b) .
To study the intraceUular targeting of pp65 variants, insect cells were infected at an m.o.i, of approximately 1 and processed for immunofluorescence (IF) at 24 h. High-5 cells were infected instead of Sf9 cells because their flattened morphology facilitates IF studies.
IF experiments indicated that while r65, 65A and 65A6 were targeted to the nucleus, 65AEtag was mainly cytoplasmic (Fig. 2 a; these and subsequent IF data are summarized in Fig. l b) . These results support the hypothesis that the essential signal(s) targeting pp65 to the nucleus map in the C-terminal 40 % of the protein. In particular, they suggest that one NLS is located in HP1 and that the bipartite basic stretch coinciding with HP2 is dispensable for nuclear targeting.
The directional deletion analysis described above did not rule out a role for HP2 as an independent pp65 NLS. To assess this, baculoviruses expressing r65 and 65A6 derivatives with Ala substitutions at four residues of the principal basic cluster in HP1 (Fig. 1 b) were generated. This mutational approach was preferred to creating internal deletions spanning HP1 in order to avoid a gross misfolding which could interfere with transport. Both r65-Ala and 65A6-Ala proteins were bound by MAb 4C 1 in WB (data not shown). In IF, r65-Ala displayed a predominantly nuclear localization, while 65A6-Ala was found mostly in the cytoplasm (Fig. 2a) . Two conclusions can be drawn from this experiment. First, the interrupted basic cluster in HP1 is indeed an essential component of the HP1 NLS. Second, HP2 does act as an independent NLS.
The operational definition of a NLS involves the ability to drive a fused cytosolic protein into the nucleus. To test whether the identified pp65 signals comply with this, HP1 and HP2 coding sequences were fused Cterminally to the chloramphenicol acetyltransferase (CAT) gene and expressed using baculovirus in insect cells (variants CAT-65HyPhi and CAT-65Cter, respectively; Fig. 1 c) . In parallel, baculoviruses producing wildtype CAT or CAT carrying the simian virus 40 (SV40) T antigen NLS at the C terminus (CAT-SVNLS) were generated as controls (Fig. 1 c) . All fusions were found to react in WB to an anti-CAT serum (Fig. 2c) , while the fusion including HP1 (CAT-65HyPhi) was also recognized by MAb 4C1 (data not shown). (Incidentally, this result suggests that MAb 4C1 binds an epitope totally contained within HP1.) In IF analysis of infected High-5 cells, CAT-65HyPhi, CAT-65Cter and CAT-SVNLS displayed a predominantly nuclear distribution when probed with the anti-CAT antibodies, in contrast to unfused CAT protein, which was found to fill the whole cell body ( Fig. 2b ; summarized in Fig. 1 c) . In the case of CAT-65HyPhi, a parallel analysis with 4C1 revealed a nuclear staining similar to that observed with anti-CAT antibodies (Fig. 2b) .
To validate in mammalian cells the data obtained in insect cells, the CAT fusions were transplanted into mammalian expression vectors, under the constitutive A1 human promoter. When transfected into either mouse NIH 3T3 cells or human embryonic lung (HEL) cells (a permissive host for HCMV), CAT-65HyPhi, CAT65Cter and controls behaved as described for insect cells with respect to nuclear targeting (key transfectants are shown in Fig. 2b ; summarized in Fig. 1 c) .
In HCMV-infected fibroblasts, hardly any pp65 can be extracted from the nucleus (Weiner & Gibson, 1981; Weiner et al., 1985) , possibly due to extensive oligomerization and/or interactions with the nuclear scaffold. To assay intranuclear anchoring of baculovirus-induced variants, Sf9 cells were fractionated to separate a nuclear pellet from soluble cytoplasm and nucleoplasm (Fig. 2 c) . Over 80 % of variants r-65 to 65A6 sorted with the pellet (for comparison, > 60 % of 65AEtag was soluble). In contrast more than 90 % of CAT-65HyPhi and CAT65Cter were extractable; wild-type CAT was strictly soluble. Thus, neither of the pp65 hydrophilic regions caused intranuclear anchorage per se, whereas the A domain seemed to be crucial.
In summary, we analysed the location of signals driving pp65 into the nucleus in a study performed in insect cells and partially confirmed in rodent and human cells. The conclusion of this work is that two NLSs, recognizable in the pp65 sequence as basic motifs within the HP1 region and coinciding with the HP2 region, respectively, were involved in the nuclear targeting of the protein. The presence of two independent NLSs might explain the efficiency of pp65 nuclear targeting° in the natural setting. Moreover, HP1 and HP2 NLSs might be differently modulated by post-translational modifications. The pp65 chain (HCMV strain Towne) recovered from dense bodies has been shown to bear a phosphate at Ser 462 and possibly at Ser T M and Ser 396, all putative casein kinase II (CKII) sites (Pinna, 1990) flanking the HP1 basic signal (Pande et al., 1990 ; Fig.  1 a) . Accordingly, in HCMV grown on fibroblasts, pp65 displays three phosphoisomers (Roby & Gibson, 1986) . Furthermore, HCMV particles harbour two separable kinase activities (Roby & Gibson, 1986) , one of which copurifies with pp65 and exhibits CKII-distinctive properties (Michelson et al., 1985) . In a pp65-HCMV mutant (Schmolke et al., 1995a) , one of the virionassociated kinases is depressed or absent. Overall, these facts point to a CKII-like activity phosphorylating pp65 v) , CAT-65Cter (vii), CAT-SVNLS (viii) and CAT 0x). In (vi), HEL cells were lipofected with CAT65HyPhi. High-5, NIH 3T3 and HEL cells were seeded at 1.2 x 105 in slide chambers. Infected High-5 cells were harvested at 24 h postinfection. NIH 3T3 cells and HEL cells transfected or lipofected, respectively, with plasmid constructs were harvested at 48 h. Cells were processed for immunofluorescence as described (Wang, 1992) . The following primary antibodies were employed: MAb 4C1 (a, i-v; b, iv); MAb anti-E-tag (a, vi); rabbit serum anti-CAT (b, i-iii and ~ix). Evans Blue (1 gg/ml; Sigma) was added in incubations with FITC-conjugated anti-antibodies for total cell counterstaining. Mounted coverslips were observed under a Leitz Orthoplan epiftuorescence instrument (63 x PlanApo objective) in the FITC channel. Yellow-green colour is indicative of MAb staining, red of counterstaining. The variability of nuclear diameter in insect cells reflects different degrees of nuclear colonization by baculovirus vectors. (c) Distribution of pp65 variants in cell fractionation. Sf9 cells infected with the indicated recombinant baculovirus were washed twice in 10 mM-Tris-HC1 pH 7'3, 145 mM-NaC1, and lysed in 10 mM-Tris-HC1 pH 7.3, 10 mM-NaC1, 1.5 mM-MgCI,, 1 mM-PMSF, 1% NP-40, 0"5 % sodium deoxycholate. Lysates were centrifuged in a minifuge for 15 min (4 °C). The detergent-soluble fraction (supernatant, S) was transferred to a fresh tube; an aliquot was mixed with an equal volume of 2 x SDS-PAGE cracking buffer for electrophoretic analysis. Detergent-insoluble fraction (pellet, P) was directly dissolved in SDS-PAGE cracking buffer and briefly sonicated. Comparable amounts of the two fractions from each infection were separated by SDS PAGE (12 % polyacrylamide) and transferred onto nitrocellulose for immunoblot analysis. Samples were incubated with the indicated primary antibody. For visualization, blots were incubated with alkaline phosphatase-conjugated anti-antibodies of the appropriate specificity. Positions of molecular mass markers are indicated on the left. on HP1 and included in virions together with pp65. From genetic data, it remains uncertain whether pp65 is directly endowed with a kinase activity, as suggested (Britt & Auger, 1986; Somogy et al., 1990) , or captures a distinct kinase.
We tested the ability of pp65 variants to be phosphorylated in insect cells. Owing to the moderate complexity of the phosphoprotein pattern in baculovirusinfected cells, heavily phosphorylated recombinant proteins can be directly visualized (see for instance Miyamoto et al., 1985) . Infected cells were labelled with inorganic 32p and phosphoproteins analysed by SDS-PAGE and autoradiography. While r65 and 65A variants (Fig. 3a) were clearly distinguishable as labelled polypeptides over a background of constant bands, 65A6 (Fig. 3a) and 65AEtag (data not shown) were not. Among CAT fusions, CAT-65HyPhi was labelled, in contrast to CAT-65C-ter and wild-type CAT (Fig. 3 a) . When the labelled variants were blotted onto nitrocellulose and the excised band exposed to a proteinSer/Thr phosphatase, the signal disappeared (shown for r65, Fig. 3 a) . These data suggested that pp65 is a Ser/Thr phosphoprotein in insect cells and that a pp65 derivative (65A), including HP1 but not HP2, retains phosphorylation. While the described experiments did not resolve whether 65A6 and 65AEtag were modified, it appears that among the three CAT fusion proteins, only the one including HP1 was appreciably phosphorylated. CAT-HyPhi phosphorylation provides evidence that HP1 can be targeted by a kinase present in insect cells, although self-phosphorylating activity in full-length or nearly full-length pp65 forms cannot be ruled out. To verify further whether an isolated HP1 region is a suitable substrate for CKII activity, isolated HP1 was produced in Esherichia coli with a His 6 purification tag fused at the N terminus. The recombinant polypeptide (6His-HyPhi; Fig. 3b )was partially purified ( < 10 % of final mixture) by affinity chromatography (Fig. 3b) . Exposed to CKII, 6His-HyPhi was selectively phosphorylated in a mixture of prokaryotic polypeptides, unlike a mock-purified sample where the HP1 fragment was absent (Fig. 3 c) . Phosphorylation of 6His-HyPhi was quantitative, as signalled by the full conversion to a slower electrophoretic form (Fig. 3 d) . At 36 h post-transfection, cells were washed twice in serum-and phosphate-free SF900 medium (Gibco) and starved in the same medium for 1 h (27 °C). Then 500 ~tCi inorganic 32p (3000 Ci/mmol; Amersham) was added and incubation continued for 3 h. Medium was then discarded and cells were dissolved in SDS-PAGE cracking buffer. Lysates were separated by SDS-PAGE (12 % resolving gel) and blotted to nitrocellulose for direct exposition to X-ray film with an intensifying screen (-70 °C, 2 h). In the inset above lane 1, the pp65 band is shown after excision from the membrane and incubation in 50 mM-Tris-HC1 pH 7.8, 2 mM-MnC12, 5 mM-DTT, 100 ~tg/ml acetylated BSA for 45 min at 30 °C (2Pho-), and subsequent in situ exposure (30 °C for 45 min) to 100 U phage lambda phosphatase (New England Biolabs) in the same buffer (2Pho +). (b), (c), (d) In vitro phosphorylation of HP1 region (aa 348465) by CKII. (b) The HP1 region was expressed in Escherichia coli with a 39 aa N-terminal purification tag, including a His 6 stretch (6His-65HyPhi), and partially purified by nickel chromatography; in parallel, an E. coli lysate was mock-purified. (e) Semi-purified 6His-65HyPhi was exposed to CKII (Boehringer Mannheim; 1 mU) in 10 lal reactions [50 mM-Tris-HCl pH 7-5, 100 mMNaC1, 10 mM-MgC12, 5 mM-EGTA, 10 ~tCi [7-32P]ATP (3000 Ci/mmol; Amersham) at 30 °C for 10 min]. Reactions were chased with 1 la1550 ~tM-ATP (30 °C for 30 min). A mock-purified sample was treated in parallel. Reactions were stopped by boiling in SDS-PAGE cracking buffer, separated by 12 % SDS-PAGE and autoradiographed. The positions of phosphorylated 6His-65HyPhi and of selfphosphorylated CKII fl subunit are shown. (d) CKII-treated and untreated 6His-65HyPhi was blotted after electrophoresis and subjected to WB with MAb 4C1. Positions of molecular mass markers are shown.
T a k e n together, the above results are in agreement with an earlier analysis of n a t u r a l pp65 (Pande et al., 1990) in showing that HP1, even when evicted from the s u r r o u n d i n g regions, is targeted by a C K I I activity. This in turn raises the possibility that the d e m o n s t r a t e d nuclear targeting function of the region may be significantly influenced by phosphorylation, similar to a n u m b e r of previously characterized NLSs.
While this work was in progress, a report by Schmolke et al. (1995b) addressing the subject of pp65 nuclear targeting was published that also identified HP1 and HP2 as the regions c o n t a i n i n g pp65 NLSs. However, in an a p p a r e n t discrepancy with our work, they suggested that the HP1 bipartite basic stretch 405-428 was inactive as an N L S when fused to fl-galactosidase. C o m p a r i s o n with our experiments suggests that, for o p t i m u m activity, the N L S needs to be presented in the larger context of the HP1 region. HP1 might impose a c o n f o r m a t i o n a l constraint necessary for N L S function. Alternatively, HP1 sequences outside residues 405-428 might con-tribute to signal activity. A final possibility, already outlined above, is that phosphorylation at sites lying close to amino acids 405-428 is required for NLS function. A more extensive HP1 mutational analysis is needed to resolve this issue.
